Background: The typical familial form of Alzheimer's disease (FAD) accounts for about 5% of total Alzheimer's disease (AD) cases. Presenilins (PSEN1 and PSEN2) and amyloid-β (A4) precursor protein (APP) genes carry all reported FAD-linked mutations. However, other genetic loci may be involved in AD. For instance, seizure-related gene 6 (SEZ6) has been reported in brain development and psychiatric disorders and is differentially expressed in the cerebrospinal fluid of AD cases.
Background
Alzheimer's disease (AD) is a multifactorial neurodegenerative disorder whose onset is mostly sporadic [1] . The genetic background has a major role in AD, and DNA variants may contribute, ranging from predisposing risk factors (having from medium to large effect size, such as the ε4 allele of the APOE gene) [2] to full penetrant causal mutations in a few genes, namely presenilins (PSEN1 and PSEN2) and the amyloid-β (A4) precursor protein (APP) [3, 4] . PSEN1/2 and APP gene mutations have been linked to early-onset, autosomal dominant familial forms of Alzheimer's disease (FAD) [5, 6] . Recently, large-scale whole-exome sequencing has found rare variants reported to contribute to AD risk, such as in the PLCG2, ABI3, and TREM2 genes [7] . These findings indicate the involvement in familiar forms of AD of variants belonging to genes other than PSEN1/2 and APP, which may have a causal or predisposing role, as recently reported for SORL1 gene [8] .
We report an Italian family with several cases of AD (having an onset between 60 and 70 years) negative for PSEN1/2 or APP mutations and whose available affected members were found to bear SEZ6 gene rare missense variant R615H. We describe the genetic, in vitro, and in vivo findings further supporting a role for SEZ6 in AD molecular mechanisms.
Methods

Family and patient description
The family's pedigree is reported in Fig. 1 . We extracted DNA for exome sequencing analysis from the members indicated by the code PR (seven subjects). We had clinical details about three generations after the founder. Ten dementia cases were reported in the whole pedigree, with an additional member having Parkinson's disease. The age of onset of neurodegenerative disorders ranged from 60 to 70 years. In the first generation, one early-onset dementia case was reported (age at death, 48 years). In the second generation, 8 of 25 siblings (32%) were diagnosed with AD, with an additional case in the third generation (age at onset 64 years). The remaining siblings of this generation were cognitively normal, aged between 35 and 45 years. Apolipoprotein E genotype (APOE) of available patients was in all cases ε3//ε3 apart from PR5 (ε3//ε4). Two siblings of PR5, diagnosed with AD, had dementia too, but they were unavailable for sampling.
Sporadic AD cases (n = 9) and cognitively normal elderly control subjects (n = 191) were included for independent evaluation of the SEZ6(R615H) variant frequency by digital droplet PCR (ddPCR).
Patients and healthy control subjects were recruited by the same clinical center, and AD was diagnosed according to international criteria. Healthy control subjects were spouses of patients coming to clinical attention, and they had no sign of neurodegenerative disorders and Mini Mental State Examination (MMSE) scores in the normal range [9] .
Exome sequencing and APOE genotyping
The full-exome sequencing of 4811 disease-associated genes (clinical exome) was done starting from 50 ng of DNA diluted in Tris-HCl 10 mM, pH 8.5 (TruSight One Sequencing Panel; Illumina, San Diego, CA, USA), following the manufacturer's instructions. Briefly, capture-based libraries were prepared by pooling three samples per time. The libraries' concentrations were calculated using a Qubit® dsDNA High-Sensitivity Assay Kit (Invitrogen, Carlsbad, CA, USA), and the distribution of DNA fragments for each library was evaluated using a high-sensitivity DNA kit and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Each library was run on a MiSeq platform (Illumina) using a 2 × 150-bp (300 cycles) configuration on a V3 sequencing flow cell.
Data analysis was performed according to best practice from the bioinformatics community. Raw sequence fragments (reads) were aligned to the reference genome (human, build hg19) with the Burrows-Wheeler alignment tool [10] , followed by post-processing to recalibrate base call quality scores. Variants were called with the Genome Analysis Toolkit [11] [12] [13] , using the HaplotypeCaller method, then annotated with the Variant Effect Predictor [14] and loaded into a specialized database [15] for further analysis. In silico mutation impact predictions were extracted from the dbNSFP database [16] . For computation, we used the "bcbio" pipeline (https://github.com/chapmanb/bcbio-nextgen) running on a high-performance computing platform as part of the Cloud4CaRE project. Data files were uploaded to the European Nucleotide Archive with accession number pending. Fig. 1 Pedigree of the Italian family with Alzheimer's disease. We report clinical information for the last three generations after the founders. Sex, age at sampling, and apolipoprotein E (APOE) genotype of each available family member indicated in the box. The numbers next to subjects with dementia are the age at death. The roman numbers refer to the generation, with the progressive numbers linking to every generation sibling Selection of candidate variants used the following criteria: (a) depth at least 30×; (b) low frequency in the general population (< 1% in the 1000 Genomes Project); (c) at least a damaging predicted effect as reported from the dbNSFP; and (d) present in all family members affected by AD or their offspring. The APOE genotype was assessed by restriction fragment length polymorphism using the CfoI (Roche, Basel, Switzerland) restriction enzyme, as previously described [17] .
Exome sequencing validation by digital droplet PCR ddPCR experiments were done with the Bio-Rad QX200TM ddPCR system (Bio-Rad Laboratories, Hercules, CA, USA). The mutational assay for SEZ6 R615H was carried out according to the manufacturer's instructions. Briefly, the TaqMan™ reaction mix, composed of 2× ddPCR Supermix for probes (no deoxyuridine triphosphate), 20× custom target probes for mut SEZ6 (probe sequence: CTACGGTCATGGGCAG-FAM), and 20× reference probes for wild-type SEZ6 (probe sequence: CTACGGTCGTGGGCA-HEX), was assembled at a final concentration of 450 nM and 20 ng of DNA in a volume of 20 μl. This reaction mix was added to a DG8 cartridge together with 60 μl of droplet generation oil for probe and used for droplet generation (QX200 droplet generator; Bio-Rad Laboratories). Droplets were then manually transferred to 96-well PCR plates and placed on a thermal cycler (T100 Thermal Cycler; Bio-Rad Laboratories) for the PCR amplification (thermal cycling conditions: 95°C for 5 min, 95°C for 30 s, and 55°C for 1 min, 40 cycles; 98°C for 10 min and 4°C infinite; ramping rate 2°C/s). The PCR plate was then transferred into the QX100 Droplet Reader for the fluorescence measurement of FAM and HEX probes. The numbers of positive and negative droplets were used to calculate the concentrations (copies/μl) of the target and the reference SEZ6 DNA sequence and their Poisson-based 95% CIs, excluding reactions with fewer than 10,000 total events (positive and negative) (QuantaSoft Analysis pro software 1.0.596; Bio-Rad Laboratories).
For family members and patients with sporadic AD, experiments were run in duplicate; the assay on the healthy population was run once.
Cloning and overexpression of SEZ6(R615H) in H4-SW cells pSEZ6(R615H) cloning Synthetic SEZ6(R615H) complementary DNA was provided by GenScript® in pCDNA3.1(+) vector and expanded in competent Escherichia coli cells (strain JM109; Promega, Madison, WI, USA). After purification, pSEZ6(R615H) was verified through the unique enzymatic restriction site PmeI (New England Biolabs, Hitchin, UK) and agarose gel electrophoresis.
Cell culture
H4-SW neuroglioma cells overexpressing human APP gene harboring the Swedish (SW) mutation [18] were grown in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin, 300 μg/ml hygromycin B, 10 μg/ml blasticidin-S).
Transient transfection was done using FuGENE® HD Transfection Reagent (Promega), and cells were selected with G418 (1200 μg/ml) after 48 h. For clonal selection of SEZ6(R615H) mutants, we picked colonies and analyzed DNA and protein extracts by PCR and Western blotting. Finally, a single-point mutation (G→A) leading to R615H substitution was checked by Sanger sequencing.
PCR for SEZ6(R615H) expression in H4-SW cells PCR was run in a 20-μl mixture containing 50 ng of DNA, 0.5 mM each of forward primer 5′-CTACGGTCA TGGGCAGGATTG-3′, which contains the single-point mutation (G→A), and the reverse oligonucleotide primer 5′-ATCATGGCAGGTGAGGATGGACT-3′ (metabion, Planegg, Germany); 1× PCR buffer 200 mM Tris-HCl, 500 mM KCl (Thermo Fisher Scientific, Waltham, MA, USA); 2.5 mM deoxynucleotide triphosphate (Thermo Fisher Scientific); 25 mM MgCl 2 (Thermo Fisher Scientific); and 1 unit of Taq polymerase (Thermo Fisher Scientific). Amplification was done with an initial denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 61.7°C for 30 s, extension at 72°C for 70 s, and a final 5-min extension at 72°C. The resulting PCR fragments were resolved by 1% agarose gel electrophoresis (Sigma-Aldrich, St. Louis, MO, USA).
Western blotting for SEZ6 overexpression in H4-SW cells
To assess protein overexpression of SEZ6 in H4-SW, protein extracts (18 μg) were separated on 8% SDS-PAGE gel and transferred to a nitrocellulose membrane. Blots were developed using horseradish peroxidase-conjugated secondary antibodies and the ECL chemiluminescence system (MerckMillipore, Burlington, MA, USA). All blots were normalized to α-tubulin and quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The following antibodies were used: anti-α-tubulin (1:7500; Abcam, Cambridge, UK) and anti-SEZ6 (1:1000; Aviva Systems Biology, San Diego, CA, USA).
DNA sequencing
To verify the presence of the single point mutation, we amplified the region containing the mutated base by PCR with forward primer 5′-GAGATCACAGACTC GGCTG-3′ and the reverse primer 5′-ATCATGGCA GGTGAGGATGGACT-3′ (metabion). The total amount of the generated PCR product was purified using the Wizard SV Gel PCR Clean-Up System (Promega) and sent to a Sanger sequencing service (Eurofins Genomics, Ebersberg, Germany). Output data were analyzed using Chromas Lite 2.01 software.
Aβ(1-42) and Aβ(1-40) in H4-SW cells expressing SEZ6(R615H)
A specific sandwich enzyme-linked immunosorbent assay (ELISA) (Immuno-Biological Laboratories Co., Gunma, Japan) was used to measure Aβ(1-42) and Aβ(1-40) concentrations in conditioned media from cultured H4-SW cells. A total of 150 × 10 3 cells were seeded in a six-well plate and grown overnight. The next day, the medium was changed, and after 48 h it was collected and immediately frozen after the addition of a broad-spectrum protease inhibitor (Sigma-Aldrich). An aliquot of 100 μl was used for ELISA to assess each value in triplicate.
Western blot analysis for Sez6 brain expression in 3xTG-AD mice
For Sez6 brain expression analysis, we used 3xTG-AD mice at 3, 9, and 19 months of age. This triple-transgenic model harbors human PS1(M146 V), APP(SW), and MAPT(P301L) transgenes, and starting from around 9 months of age, mice develop at brain level amyloid plaques and protein tau tangles. They also show early signs of synaptic dysfunction (starting from around 3 months of age), including long-term potentiation alteration [19] . Strain, age, and sex-matched nontransgenic animals were used as controls. Mice were housed at 23°C room temperature with food and water ad libitum and a 12-h/ 12-h light/dark cycle. To obtain brain protein extract, the cortex was dissected from a single brain hemisphere and homogenized with ice-cold lysis buffer (pH 7.4) containing 1% Triton X-100 and a broad-range protease inhibitor cocktail. Cortex protein extract (20 μg) was analyzed as described above.
Statistics
Data analysis was done using Prism® version 6.0 software (GraphPad Software, La Jolla, CA, USA). In vitro and in vivo data were compared using one-way analysis of variance followed by Tukey's post hoc test. Two-tailed levels of significance were used, and p < 0.05 was considered significant.
Results
Exome sequencing and APOE genotyping
To identify variants linked to dementia phenotype, we sequenced DNA samples from family members (healthy and AD cases) and unrelated patients with sporadic AD for a set of over 4000 genes reported as implicated in rare and genetic diseases. Our initial analysis identified 15,745 variants passing our quality control filters (variant depth 30× or more). Many of these were common polymorphisms present in the general population, so we selected only those rare in the European population (< 1% frequency), lowering the count to 612 (Additional file 1: Table S1 ).
To further narrow the search for variants of interest, we used in silico analysis to restrict our findings to those predicted as damaging for protein, finding 138 variants (Additional file 1: Table S1 ). The majority (96.4%) of possible damaging variants were common between both familial and sporadic AD samples. On the contrary, five variants (3.6%) were exclusive to the family samples (Table 1 ). In particular, a missense variant in the SEZ6 neuronal gene (c.1844G>A, R615H) was present only in the two available AD cases (PR1 and PR5) and in a first-degree relative (PR2, son of PR5). This variant was localized on one of the extracellular CUB domains of the protein [20, 21] and was predicted to have a high damaging potential (Combined Annotation Dependent Domain [CADD] score = 23). This prompted us to further focus on this variant.
Validation of exome sequencing SEZ6(R615H) data and variant screening in sporadic AD cases and healthy control subjects
Because the clinical exome results indicated a mutation in SEZ6 gene (c.1844G>A) as unique to the available family members with AD, we performed an independent validation to confirm the result. Using ddPCR, we tested for the SEZ6 variant in exome sequencing-positive family members (n = 3) and in sporadic AD cases (n = 9). To exclude the possibility that the polymorphic variant of SEZ6 identified could be detected at low frequency in the healthy population, too, the mutational assay was also done in a control group of 191 cognitively healthy people. Figure 2 shows SEZ6 mutational analysis of three family members (PR1, PR2, and PR5) and a representative case of sporadic AD (PR11). Wild-type SEZ6 (green droplets) was detected in all samples, whereas mutated SEZ6 (blue) was detected only in the PR1, PR2 and PR5 samples. A single event with both wild-type and mutated SEZ6 was detected in PR11, probably a polymerase artifact.
Regarding a quantitative measure of the SEZ6 variant, Table 2 reports the concentration as the number of target molecules/μl of wild-type and mutant SEZ6 in all sporadic cases (n = 9), in family members (n = 3), and in healthy individuals (n = 191). Wild-type SEZ6 copies were detected in all groups. The means of wild-type SEZ6 copies/μl were 564, 258, and 130 in the healthy control group, sporadic AD cases, and family members, respectively. A high concentration of mutant SEZ6 was detected in family member samples. The simultaneous presence of the wild-type and the mutated form of SEZ6, with ratios (mutated SEZ6 to wild-type SEZ6) ranging from 0.95 to 1.1, confirmed the heterozygous nature of the SEZ6 C>T 27,286,417-27,186,418 substitution.
Aβ peptide generation in H4-SW cells
Three different H4-SW stable clonal lines (C3, C4, and C13) transfected with a pCDNA3.1 plasmid coding for SEZ6(R615H) mutant were selected, and the presence of the variant at DNA level was confirmed by allele-specific PCR and sequencing (data not shown). The effect of the R615H substitution on Aβ(1-42) and Aβ(1-40) production by H4-SW cells was assessed in conditioned media from cultured H4-SW(R615H) in comparison to H4-SW cells (untransfected or mock-transfected with an empty pCDNA3.1 vector) (Fig. 3a) . The mean concentration of released Aβ(1-42), normalized to cell total protein content, was significantly lower in C4 and C13 than in controls, whereas for the C3 line, there was a trend in the WT SEZ6
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ND Not detectable Alzheimer's disease cases are underlined. For each group, patient code, digital droplet PCR target, and the calculated concentration (copies/μl) are reported. For the last group, the ratio, defined as concentration mutant SEZ6/concentration wild-type SEZ6, is also reported same direction (p = 0.07). The Aβ(1-40) assay showed no differences (Fig. 3b) .
Sez6 brain expression in 3xTG-AD mice
Given that few experimental data linked SEZ6 to AD, we also examined murine Sez6 expression in a transgenic line model of AD (3xTG-AD), in comparison with age-matched nontransgenic controls (NTG) (Fig. 3c and d ). Mice were killed at ages ranging from 3 to 19 months, and Sez6 protein expression was assessed at brain cortical level. Sez6 protein markedly decreased with age, particularly between 3 and 19 months. However, this reduction was common to both the 3xTG-AD and NTG lines and thus not unique to the AD model.
Discussion
Pathogenic mutations in APP, PSEN1, or PSEN2 genes are linked to FAD [3, 4] . PSEN1 mutations are responsible for about 60% of the genetic cases of AD, and 286 pathogenic variants have been described in the three above-cited genes [22] . We report an Italian family with AD that we previously screened by denaturing high-performance liquid chromatography (data not shown) for APP, PSEN1, or PSEN2 mutations with no results. Considering that rare variants in other genes have been associated with AD [7] , we decided to perform targeted exome-sequencing analysis that yielded a large number of variants; in order to identify those closely related to the disease, we employed a recursive filtering strategy. This strategy was based on the removal of high-frequency (> 1%) variants using a public database (1000 Genomes Project) with in silico prediction software (SIFT, PolyPhen2, CADD) to exclude potentially harmless mutations and focus on variants present in FAD but not sporadic AD samples. We gave priority to the SEZ6(R615H) variant among those reported in Table 1 , considering that SEZ6 has already been reported as relevant for molecular mechanisms involved in AD pathogenesis, because it is a substrate of the BACE-1 enzyme (β-secretase), affects synapse formation, and is reduced in the cerebrospinal fluid of patients with AD, as revealed by a proteomic study [23] [24] [25] . SEZ6 gene mutations have been also reported in association with febrile seizures, and SEZ6 was proposed as a candidate gene for epilepsy [26, 27] . Moreover, SEZ6 mutations were found in cases of childhood-onset schizophrenia [28] . The rare variant R615H (rs371753097, C/T) was reported in the 1000 Genomes Project as absent in Toscani in Italy (TSI) population and had a frequency in the whole project of 0.0002 [29] . Another interesting genetic variant we found by exome sequencing that is deserving of attention is A1131P in the KANK1 gene [30] , which was present in the two AD cases (PR1 and PR5) and in PR3, sibling of PR1. However, PR3 did not have dementia at sampling (age 67 years), and her clinical state is currently unchanged, even though we are not able to exclude a possible later onset. The human KANK1 gene (alias ANKRD15) was originally described to be a tumor suppressor in renal cell carcinoma, and it encodes an ankyrin repeat domain-containing protein (Kank). It belongs to a family of four homologous members that have a role in actin stress fiber formation and renal pathophysiology [31, 32] . There is no reported interaction of KANK1 with SEZ6 or AD-related genes. However, a role of KANK1 mutation or deletion was reported in cerebral palsy spastic quadriplegic type 2, a central nervous system developmental disorder [33] . Moreover, to the best of our knowledge, no data associate KANK1 with AD. In our study's family, we were able to correlate the AD pathology to R615H presence, which was found in the two available AD-affected members and one first-degree relative of an AD case, whose age at sampling in 2003 (PR2, 37 years) was far below the family age of onset (range, 60-70 years) to expect clinical signs. The current clinical diagnosis of PR2 (51 years) is unchanged. We also confirmed that R615H frequency is very low (< 1%) in the Italian population, because we were unable to detect the variant in 200 family-unrelated subjects.
Because it is a common finding that AD pathogenic mutations increase Aβ(1-42) peptide generation [34] , we examined the effect of the R615H variant in a cell model in this respect. In the H4-SW line, we noticed a decrease in Aβ(1-42), whereas Aβ(1-40) was unchanged. However, the increase of Aβ(1-42) in association with FAD-linked mutations is not always replicated. In fact, some presenilin mutants with proved pathologic action did not increase Aβ(1-42) but acted on other Aβ peptide generation or even had no impact on this proteolytic cleavage. In the latter case, the hypothesis is that the mutation affects important functions of presenilin other than the γ-secretase activity [35, 36] . It is worth underlining that we found a peculiar biochemical effect of the PSEN1 mutation E318G that increased Aβ(1-40) only in cultured skin primary fibroblasts [17] . Our failure to detect an increase of Aβ(1-42) might depend on the reported role of SEZ6 protein as substrate for BACE-1 [23] , so its overexpression may be competitive for APP in the cell model tested. We need further experiments to clarify the role of the R615H variant in this context.
Finally, we followed SEZ6 cortical expression in a mouse model of AD (3xTG-AD). Considering that it changed similarly in 3xTG-AD and control mice, we were unable to link this result to AD-specific patterns, but we did notice a decrease of SEZ6 protein with age, in agreement with this gene's reported role in brain development [37, 38] . A damaging mutation (as R615H is predicted to be) may have an impact on the protein activity from birth, with possible neuropathologic outcomes, likely in combination with other triggering factors, also considering the reported role of SEZ6 in dendritic spine dynamics and cognition [39] .
This study has limitations, mainly linked to the unavailability of genomic DNA from all the family's AD-affected members alive at sampling. Moreover, we decided to use a targeted exome-sequencing strategy that, on one hand, gave us clinical data supporting a rational choice of candidate variants to be prioritized, but on the other hand, prevented us from ruling out that additional coding mutations in genes not included in our panel may be linked to AD phenotype, thus acting in synergy with SEZ6 (R615H).
Conclusions
In summary, by using a targeted exome-sequencing approach, we discovered a rare SEZ6 variant exclusive to AD members of a large Italian family carrying no typical FAD-linked mutations that might have a role in disease onset, in particular taking into account the already described involvement of SEZ6 in AD pathogenic mechanisms linked to amyloid-β (A4) precursor protein (APP) and brain physiology, even though the exact molecular pathway linking SEZ6 to AD is still unclear.
